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ABSTRACT
Carotenoids have a dietary origin in birds, but mechanisms by
which they are absorbed in the gut, transported in the blood,
metabolized at various sites, and deposited in the integument
remain poorly understood. Variation in both plasma carotenoid
levels and external color may reflect different access to dietary
carotenoids or individual physiological differences in the uptake
and deposition of carotenoids. We compared total plasma ca-
rotenoid concentration in nestling white storks (Ciconia ci-
conia) from 11 Spanish colonies in two consecutive years. The
main food item in one of the colonies was the red swamp
crayfish (Procambarus clarkii), a recently introduced species.
Storks in the remaining colonies ate a variety of foods but no
crayfish. Total plasma carotenoid levels in the colony where
crayfish were consumed were about five times higher than in
any other colony. These differences were maintained after con-
trolling for the significant interyear variability, as well as for
sex, age, and body mass of birds. Skin pigmentation also dif-
fered, being intensely orange in storks that consumed crayfish
but white (unpigmented) in the remaining individuals. With
thin-layer chromatography (TLC) and electronic absorption
spectroscopy, astaxanthin was confirmed as the major carote-
noid in crayfish as well as in the plasma, skin, and body fat of
crayfish-eating storks, whereas lutein was the main carotenoid
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in plasma samples from the other colonies. These results in-
dicate that a newly available carotenoid in the environment,
astaxanthin, can be absorbed in large quantities from the gut
and be transported in the blood before deposition in different
tissues.
Introduction
Carotenoids have become the focus of investigations into the
signaling functions of animal colors (Olson and Owens 1998),
particularly in birds (Hill 1991; Gray 1996; Negro et al. 1998).
All animals obtain these pigments from their diet (Brush
1990a), and carotenoids can only be deposited in the integu-
ment or any other body tissue after being transported in the
bloodstream (Fox 1953). However, mechanisms of absorption
in the gut, blood transportation, metabolism, and deposition
in body tissues are still poorly understood (Hill et al. 1994).
Plasma carotenoid levels have been quantified in relatively few
wild bird populations, perhaps because no simple and stan-
dardized procedure was available to field biologists (but see
Tella et al. 1998). The sparse information that is available in-
dicates that species with carotenoid-dependent coloration show
higher concentration of plasma carotenoids than do species
with no external display of carotenoids (Trams 1969; Hill
1995a). This may seem a trivial observation, but it could be
explained by at least two competing hypotheses (Hill 1995a).
One hypothesis states that carotenoids are widely available in
the environment, but only species displaying integumentary
carotenoids have special systems to incorporate them. Alter-
natively, all species may have similar capacities to incorporate
carotenoids, but interspecific differences result from variation
in the carotenoid content of their diets.
Studies based on feeding experiments in captivity have dem-
onstrated the strong effect of carotenoid content in the diet to
explain intraspecific variation in plumage coloration (Hill
1993). However, age, sex, and seasonal effects have been re-
ported for both plasma carotenoid levels and integumentary
colors of captive birds that are fed a uniform diet (Bortolotti
et al. 1996; Negro et al. 1998), indicating that other physio-
logical factors are also involved. In field conditions, seasonal
variation in blood carotenoid levels have been reported for
house finches (Carpodacus mexicanus; Hill 1995b), and sexual
differences were observed in the cirl bunting (Emberiza cirlus;
Figuerola and Gutie´rrez 1998). Diet was unaccounted for in
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Figure 1. Plasma carotenoid concentration (mg/mL) in nestlings from
11 white stork colonies in Spain. Red swamp crayfish was consumed
exclusively in colony C. Codes for colonies: A, Jere´z Zoo (Ca´diz); B,
Arahal (Sevilla); C, Dehesa de Abajo (Sevilla); D, Soto del Real (Ma-
drid); E, Rivas-Vaciamadrid (Madrid); F, Lozoya (Madrid); G, Guadalix
(Madrid); H, Marchena (Sevilla); I, Dos Hermanas (Sevilla); J, Az-
nalca´zar (Sevilla); K, Villanueva (Huelva). Black dots correspond to
1998 and open dots to 1999; sample sizes are above the codes for
colonies.
both studies, and the authors admitted that they were unable
to determine whether variation in circulating levels of carote-
noids was due to dietary differences or to individual physio-
logical differences in the uptake of carotenoids. As with inter-
specific studies, a debate persists (Hudon 1994; Linville and
Breitwisch 1997; Olson and Owens 1998) on whether carote-
noids are limiting in the environment.
In this study, we compared carotenoid composition and
concentration in the plasma of nestling white storks (Ciconia
ciconia) that eat mainly the recently introduced red swamp
crayfish (Procambarus clarkii), a rich source of crustacean
astaxanthin, with those in nestlings that eat the usual diets
of fish, arthropods, meat scraps from refuse dumps, and
earthworms, all of which contain much lower levels of ca-
rotenoids. Our aim was to determine whether the blood sys-
tem in a given bird species (in this case the white stork) is
very specific in the amount and type of carotenoids that it
can transport or whether it reflects the amount of carotenoids
in the diet. In addition, we investigated other possible sources
of individual variation, such as sex, body mass, nestling age,
and year effects.
Material and Methods
Fieldwork was conducted in May–June of 1998 and 1999 in 11
white stork colonies in southern (the provinces of Sevilla,
Huelva, and Ca´diz) and central Spain (province of Madrid; Fig.
1). The colonies at Jerez, Arahal, and Dehesa de Abajo were
sampled during both years of the study, and the remaining
colonies were sampled either in 1998 or in 1999. Crayfish were
only consumed in the Dehesa de Abajo colony, located in the
northern boundary of Don˜ana National Park. The red swamp
crayfish is a nonnative species introduced in southern Spain
from the United States in 1973 (Senra and Ale´s 1992). It has
expanded rapidly throughout the Guadalquivir marshes and
Don˜ana National Park, affecting the whole ecosystem (Delibes
and Adria´n 1987). White storks in the Dehesa de Abajo colony
incorporated crayfish in their diet soon after its introduction
in the marshes. Most pellets and remains in the nests consisted
mainly of crayfish in the early 1980s (Rubio et al. 1983). During
the sampling period, crayfish remains were observed in 62
(82.7%) of 75 nests with chicks, and they were the only remains
in 41 (54.7%) nests with chicks. No crayfish were seen among
the nest remains in the other colonies. Instead, we recorded a
variety of natural prey (fish, arthropods, earthworms), as well
as meat scraps brought by the adult storks from nearby refuse
dumps. Individually banded breeding adults ( ) fromN = 57
these colonies were not observed preying on crayfish during
foraging activities (Blanco 1996; J. Marchamalo and G. Blanco,
unpublished data).
Biological Materials
We collected about 0.5 mL of blood from the brachial veins of
98 nestlings in Dehesa de Abajo and 109 nestlings from the
remaining colonies. Blood was transported in coolers to the
laboratory on the day of collection and centrifuged to separate
blood cells from plasma. Both fractions were frozen for sub-
sequent analyses.
From a freshly dead adult found in April 1999 near the
Dehesa de Abajo colony, we collected skin samples (wing and
neck) that were bright orange like those of the nestlings, as well
as a portion of the red-colored fat. Five live crayfish were also
collected for analysis.
Extraction Procedure
Three volumes of acetone were added to the plasma samples,
and then the mixture was centrifuged at 13,000 g for 10 min.
The supernatant was analyzed. Skin and fat samples were
weighed and then placed in ethyl ether for 2 h. The filtrate
containing the carotenoids was evaporated, and the residue was
redissolved in acetone before analysis. The crayfish were first
ground in a blender and then extracted as described above for
skin and fat samples.
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Quantitative Determination of Carotenoids
Total plasma carotenoid content was measured spectrophoto-
metrically (Pharmacia Biotech, Ultrospec 2000 UV/Vis) by us-
ing acetone as a solvent and recording absorbance at 476 nm
(Tella et al. 1998). Plasma carotenoid concentration was esti-
mated as micrograms per milliliter of plasma by using a stan-
dard curve of lutein. Concentration values are given as
. The absorption maxima for astaxanthin in acetonemean 5 SD
is 480 nm (Britton 1995); thus, the actual plasma carotenoid
concentration for birds that ingested astaxanthin may be
slightly underestimated.
Carotenoid Identification
For carotenoid separation and comparison with reference as-
taxanthin, we used thin-layer chromatography (TLC), following
the methods of Mı´nguez-Mosquera and Garrido-Ferna´ndez
(1989) and Muriana et al. (1993). In addition, electronic ab-
sorption spectra were carried out for the different tissues by
using a diode-array spectrophotometer (Hewlett-Packard UV-
Vis spectrophotometer 8452A, controlled by the HP Chem Sta-
tion V.A. 02.05). As references, we used astaxanthin that was
kindly supplied by Hoffman-La Roche (Roche, Madrid), as well
as lutein from spinach extracted in our laboratory.
Sex and Age Determination
Sex and age may affect carotenoid content in bird plasma (Hill
et al. 1994; Bortolotti et al. 1996). In the white stork, both
sexes look alike, and we resorted to molecular sexing of the
birds by using the cellular fraction of the blood as a source of
DNA. For this analysis, primers 2945F, cfR, and 3224R were
used, following the method of Ellegren (1996). At the time of
blood sampling, we recorded body mass and wingchord length
from each nestling. Nestling age was estimated according to a
regression equation of age on wingchord (age = 5.068 1
length, , , ), calcu-0.117 # wingchord r = 0.99 N = 12 P ! 0.01
lated with data from nestlings whose hatch date was known
(Chozas 1983).
Results
Quantification of Plasma Carotenoids
Mean plasma carotenoid concentrations were higher in nest-
lings in the Dehesa de Abajo colony ( mg/mL,11.1 5 3.6 N =
) than in other colonies as a whole ( mg/mL,98 2.2 5 1.0 N =
; Fig. 1). These differences were significant when colony was109
used as a grouping factor in one-way ANOVA ( ,F = 121.710, 196
). Tukey’s HSD tests indicated no significant differ-P ! 0.001
ences in pairwise comparisons of any of the noncrayfish col-
onies ( ), whereas differences were all significant (P 1 0.98 P !
) between each of those colonies and the Dehesa de Abajo0.03
colony.
To examine potential confounding effects on differences in
plasma carotenoids related to diet, an ANCOVA was per-
formed with diet (crayfish vs. no crayfish), year, and sex as
factors and body mass and age as covariates. There were no
significant effects of sex ( , ), age (F = 0.4 P = 0.53 F =1, 157 1, 157
, ), or body mass ( , ) on carot-2.9 P = 0.09 F = 2.4 P = 0.121, 157
enoid concentration. However, there was a significant year
effect ( , ). Total plasma carotenoids wereF = 5.6 P = 0.021, 157
higher in 1998 than in 1999 in both Dehesa de Abajo
( mg/mL, vs. mg/mL, ) and12.4 5 2.9 N = 44 9.9 5 3.7 N = 54
Jere´z ( mg/mL, vs. mg/mL, ).2.8 5 0.7 N = 11 1.1 5 0.3 N = 12
This trend was opposite for Arahal, although it could be in-
fluenced by the small sample size (Fig. 1). After controlling
for the preceding effects, we found that crayfish-eating storks
still differed from storks in other populations in plasma ca-
rotenoid contents ( , ).F = 218 P ! 0.0011, 157
Carotenoid Identification
TLC showed that the extract from the plasma of five randomly
selected crayfish-eating storks showed a single red band, co-
incidental in color and relative mobility (i.e., Rf value) with
those of reference astaxanthin, crayfish, fat, and skin extracts
from the adult stork. In 10 randomly selected storks from the
colonies where crayfish were not present in the diet, there was
a single yellow band identical to reference lutein. The electronic
absorption spectra of plasma, skin, and fat from crayfish-eating
storks, crayfish, and reference astaxanthin were the same, all
showing a broad absorption band and single absorption max-
ima at 468 nm in hexane. The plasma samples from the re-
maining storks showed absorption spectra shaped like the ref-
erence lutein spectrum.
Discussion
It is well known from feeding experiments of birds in captivity
(Hill 1993) and from zoo keeping (Fox and McBeth 1970)
that carotenoid additives enhance plumage colors in birds
with carotenoid-based plumage. However, few measurements
of carotenoids in the plasma transport system are available
(Brush 1981), and interpretation of some results is contro-
versial. Fox and McBeth (1970) supplemented the diet of
flamingos with astaxanthin, but plasma carotenoid levels ac-
tually dropped. Hudon (1994) criticized experiments that
used canthaxanthin because this pigment is unusual in natural
bird diets.
The pioneering study by Slagsvold and Lifjeld (1985) clearly
linked intrapopulation variation in plumage brightness to ca-
rotenoid content in the diet, but plasma carotenoid levels were
not determined. More recently, Hill et al. (1994) reported in-
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terpopulation variation in plasma carotenoid levels that could
be attributable to diet, but the latter was not examined. There-
fore, our study constitutes a demonstration of differences in
plasma carotenoid levels among populations of the same bird
species that result from variation in the carotenoid content and
composition in the diet. Total plasma carotenoids were about
five times higher in nestling storks whose diet was primarily
crayfish compared to nestlings that ate typical foods. In fact,
there was no overlap in carotenoid values between the two diet
groups. In an interspecific study on plasma carotenoid levels
involving 26 bird species, Tella et al. (1998) reported a mean
carotenoid concentration of 9.4 mg/mL (range 0.43–74.16 mg/
mL). Taking these data as a reference, we found that crayfish-
eating storks showed above-average carotenoid concentration,
whereas those of the other nestlings were in the low range for
birds.
Crayfish are indeed a rich source of astaxanthin, and our
results demonstrate that this pigment was able to reach the
blood of nestling storks. We can thus conclude that this newly
available carotenoid in the environment is absorbed in large
quantities and that the mechanisms responsible for the trans-
port of carotenoids in the stork are not selective against
astaxanthin.
White storks do not have carotenoids in their feathers, but
because of carotenoids, adults show an intense red color in the
bill, legs, and bare skin of the chin and throat. In nestling storks,
the color of the bill and legs is typically black with interspersed
dull orange parts. We noticed that nestlings in the Dehesa de
Abajo colony presented a red color in the legs and bill, similar
to that in adults, as well as intense and uniform orange col-
oration in the skin, particularly under the wings and on the
abdomen. Nestlings in the other colonies presented whitish
(unpigmented) skin. These observations and the qualitative ca-
rotenoid determinations that we performed on the dead adult
stork indicate that the astaxanthin ingested by crayfish-eating
storks diffused from the blood to the integument, probably in
a nonspecific form, as suggested by Hudon (1994) for cases in
which carotenoids are present in large quantities. It is note-
worthy that carotenoids did not appear in the feathers; this
suggests that physiological processes regulate which tissues are
suitable targets for deposition and which are not. Yellow skin
coloration caused by ingestion of large amounts of lutein has
been reported in humans (Mathews-Roth 1981). This condition
has been called “carotenodermia,” a name that we might well
apply to the crayfish-eating storks. In birds, a case of change
in the normal pigmentation has recently been reported (Hudon
and Brush 1989; Brush 1990b) for the plumage of free-living
cedar waxwings (Bombycilla cedrorum) in the United States.
The color shift from yellow to orange was linked to the con-
sumption of fruits of an introduced shrub containing rhodox-
anthin, a carotenoid pigment not present in the typical diet of
cedar waxwings.
Consumption of crayfish by white storks is not likely to be
a rarity in the near future. Red swamp crayfish are quickly
expanding in Spain (Senra and Ale´s 1992) and can be found
in many rivers and reservoirs in the southern part of the coun-
try. This species has been recently introduced in other European
countries, such as Italy and France, where white storks occur
and may incorporate the crayfish into their diets. Given that
carotenoids may provide health benefits as antioxidants (Ben-
dich 1989; Lozano 1994; Surai and Speake 1998), further re-
search is needed to determine whether storks with high levels
of astaxanthin caused by ingesting the crayfish will have any
physiological effects compared with storks showing only mod-
erate to low levels of lutein.
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